We study the edge diffraction enhanced printability in x-ray nanolithography under both proximity and soft-contact printing conditions. Theoretical modeling shows that the gap dependence of the edge diffraction is closely related to that of the minimum linewidth described by the common Fresnel formula and that the edge diffraction can significantly enhance the image contrast of nanometer scale features. Experimental results are also presented to show high resolution and high aspect ratio printability. Furthermore, a method for fabricating ultrahigh resolution and dense structure is discussed based on edge diffraction enhanced printability with very thin absorber masks.
I. INTRODUCTION
Considerable efforts have been devoted to the high resolution x-ray lithography during the last years. [1] [2] [3] [4] [5] [6] [7] Now, concerns about the printability and the process latitude are focused on the linewidth domain of 0.1 m in order to meet the requirement of the next generation chip fabrication. Previously, sophistical physics modeling has been developed and a number of new experiments have been carried out to show a sub-100 nm printability. [8] [9] [10] [11] [12] It is clear that under attainable mask and proximity gap conditions, high density line and dot arrays could be replicated in high resolution resists. 4, 5 Under soft-contact conditions, feature sizes down to 30 and 20 nm were also replicated with synchrotron radiation, 6, 12 which makes the proximity x-ray lithography a new contender for advanced nanofabrication. In this work, we focus on the effects of edge diffraction in high resolution x-ray lithography under both proximity and soft-contact conditions. We show that the x-ray edge diffraction enhanced printability is a true phase effect that can be observed for a wide range of absorber thicknesses and exposure gaps. Simulation and experimental results are presented to demonstrate a high resolution and high aspect ratio printability. Finally, we suggest a new schema to explore the edge diffraction effect with very low contrast x-ray masks.
II. EXPERIMENTS AND SIMULATIONS
Our x-ray masks have been fabricated based on SiC membrane and tungsten ͑W͒ absorber. They were obtained by plasma enhanced chemical vapor deposition ͑PECVD͒ and a stress controlled radio frequency ͑rf͒ magnetron sputtering. Patterning was done by high energy electron beam lithography with a JEOL 5D2U vector scan generator at 50 keV for a minimum linewidth of 40 nm 13 or a Philips FEG CM20 transmission microscope at 200 keV to achieve a higher resolution ͑feature size down to 10 nm͒. 6 Since this Philips transmission microscope limits the patterning size of our masks to 4ϫ4 mm 2 , the mask obtained with ultrahigh resolution can only be used in our vacuum exposure chamber. With a single layer poly͑methylmethacrylate͒ ͑PMMA͒ resist ͑950 K molecular weight͒, various high resolution features have been exposed and lifted off with a Ni thin film deposition. Then, they were transferred into W by a temperature stabilized ͑10°C͒ reactive ion etching with SF 6 :CHF 3 ͑1:4͒ gas mixture. W absorber of different layer thicknesses ranging from 0.15 to 0.45 m has been used to evaluate the process latitude. Typically, the absorber structures after etching display a minimum feature size down to 50 nm with the 50 keV JEOL 5D2U nanowriter and 20 nm with the 200 keV Philips transmission microscope. With thin absorber layers, very dense structures can be obtained, showing a minimum grating period of 100 nm with 0.3-m-thick W and of 40 nm with 0.15-m-thick W. Finally, the sample is submitted to ethylenediamine and pyrocatechol ͑EDP͒ solution to open the exposing membrane area.
Exposures were done with synchrotron radiation of the SuperACO storage ring ͑800 MeV positron energy and 1.7 m bending magnet radius͒. 10 The detail of the exposure conditions has been described elsewhere. 4, 6 In brief, a Karl Suss XRS200 stepper was used to perform exposures under proximity conditions. With a customerized exposure mode, we can accurately set the mask-sample distance as small as a few microns. Otherwise, a homemade scanning system installed in a vacuum chamber can be used for soft-contact printing. To study the influence of the x-ray source distribution, an in-line double crystal monochromator has also been used to achieve a sub-30 nm resolution with narrow band synchrotron centered at 1.1 nm. 6 Before the resist processing, Si wafers were cleaned and dehydration baked at 170°for 30 min. Then, the Si wafers were spin coated with 950 K molecular weight PMMA or ͑8.5%͒ MAA/PMMA and prebaked in a temperature controlled box oven at 170°for 30 min. The exposures were done typically with a dose of 2.8 J/cm 2 for PMMA and 1.8 J/cm 2 for ͑8.5%͒ MAA/PMMA, by scanning the mask-wafer assembly through stationary x-ray beam. After exposure, the a͒ Electronic mail: yong.chen@l2m.cnrs.fr resist was developed at 21°in a 1:1 mixture of methyl isobutyl ketone ͑MIBK͒ and isopropyl alcohol ͑IPA͒ for 3 min.
Simulations were done using the beam propagation method, 9 which simulates the propagation of x-ray beams across the mask absorber structures to yield aerial images and absorbed dose distribution in resist. 10 The spectrum used for the simulations was calculated using the SuperACO synchrotron radiation and the absorption of the materials through which it passed before reaching the resist ͑filters, mirrors, He gas/air buffers, and SiC membrane͒. With our simulation code, absorbed doses in PMMA resist were calculated for various one and two dimensional features to show the edge diffraction enhanced printability. Figure 1 shows normalized dose profiles of absorber edges of three absorber layer thicknesses with ͑solid lines͒ and without ͑dashed lines͒ the phase contribution, obtained at a gap of 5 m with a polychromatic source as described above. Clearly, for all absorber thicknesses the phase contribution increases significantly the amplitude of the edge diffraction fringe and so, the image contrast defined by C ϭ(D max ϪD min )/ (D max ϩD min ) . Also, the phase contribution Figure 2 displays the image contrast and the fringe size as a function of absorber thickness ͑a͒ and of mask-to-wafer gap ͑b͒. We note that the edge contrast is high over a wide range of absorber thicknesses and it has a maximum around 0.3 m, in a good agreement with our previous findings. 4 On the other hand, the edge fringe size is almost unchanged for all the absorber thicknesses under consideration but it increases quite monotonically with the gap.
III. RESULTS

A. Edge diffraction
To associate the edge fringe size to the diffraction limited linewidth defined by Fresnel formula, W D ϭ␥ͱϫg, where ␥ being a scaling parameter, we have also plotted in Fig. 2͑b͒ a reference line calculated by
where is the ͑effective͒ wavelength and g is the mask-towafer gap, ␥Ј being a fitting parameter. With our beam line ͑20-m-thick Be filter, 30 cm He gas, 3 mm air, 2-m-thick SiC membrane͒ and PMMA resist, we found ϭ0.81 nm and ␥Јϭ1.1. Considering in a realistic process the resolved minimum linewidth is approximately the full width at half maximum ͑FWHM͒ of the dose feature (W D ϭ0.5⌫ D ), we obtain ␥Ϸ0.6, which is in a good agreement with previous findings. 4, 10 Experimentally, the edge diffraction can be evidenced by under exposing a high resolution resist. Figure 3 shows two examples which can be perfectly correlated to the simulation of developed resist profile. 13 Figure 3͑a͒ displays a scanning electron micrograph ͑SEM͒ of isolated line replicated in PMMA under soft-contact condition with 75% dose of the full exposure condition. Clearly, only resist beside the absorber feature has been completely removed because of a much higher local dosage. Such an edge effect can also be seen for exposures at large gaps. Figure 3͑b͒ shows the developed resist profile of a line grating exposed at 20 m with 75% of the full-exposure dosage. Here, the line spacing is small enough that the overlap of the two near edge fringe minima in the space areas lead to a complete removal of the resist although the remained part has not been fully developed. absorber linewidth ͑l͒ for which there is no inappreciable contribution in the center of unexposed area ͑gϭ1 m for lϭ30 nm, gϭ5 m for lϭ50 nm, and gϭ10 m for lϭ70 nm͒. Using the linewidth at the 63% dose intensity, we have plotted in Fig. 5 the dose linewidth versus the absorber feature size at different gaps. For comparison, the 1:1 matched condition is also included. Not surprising, the best results are obtained with a minimum gap from the point of view of the linewidth control. It is worth noting that at an exposure gap of 5 m the variation of the dose linewidth is relatively smooth for the absorber feature sizes up to 70 nm. Similarly, at a gap of 10 m the variation is relatively smooth for the absorber feature sizes up to 90 nm. This behavior might be considered for the design of the absorber linewidth bias.
B. Enhanced printability
Experimentally, 20 nm features have been replicated in PMMA by soft-contact printing (gϽ2 m) ͑Fig. 6͒, in a good agreement with the theoretical prediction. High resolution features could also be replicated in a thick PMMA resist by soft-contact printing. Figure 7 shows two examples of replicated resist profiles with an aspect ratio as high as 12. We believe that the performance of such a high resolution and high aspect ratio printing is principally due the edge diffraction enhanced printability. Under proximity conditions, we obtained previously a 50 nm resolution printability at a gap of 5 m. 4 High resolution and high aspect ratio features could also be printed in PMMA and PMMA/MAA resists. Figure 8 shows two examples of the replicated resist profiles with a minimum linewidth of about 60 nm and an aspect ratio larger than 10, obtained at a gap of 10 m.
C. Very thin absorber layers
Because of the edge diffraction enhancement, very thin absorber layers can be used to produce ultrahigh resolution and very dense feature. Fabrication of 0.15-m-thick W masks with a period as small as 40 nm has been achieved for both line grating and dot arrays. Replication of such patterns is difficult but it is still possible with synchrotron radiation. Figure 9 shows SEM images of a fabricated W absorber dot array of 60 nm pitch ͑a͒ and the replicated pattern in PMMA resist ͑b͒.
We would like to mention that the reason to use very thin absorber masks in high resolution printing is not only to increase the replication ability but also to facilitate the absorber pattern transfer with the reactive ion beam etching as well as to reduce the in-plan mask distortion. More experimental work is needed to potentially explore the x-ray nanolithography printability.
IV. CONCLUSION
To summarize, we have studied the edge diffraction effects in proximity x-ray lithography. We have evidenced that the enhanced edge image contrast is a true phase effect and found that the edge diffraction fringe size is closely related to the diffraction limited linewidth described by common Fresnel formula. Experimentally, we have demonstrated that 20 nm features can be replicated in resist by soft-contact printing. High resolution and high aspect ratio resist features have been obtained under both soft-contact and proximity conditions. In particular, we have shown that the overlap of the two nearby edge diffraction minima can further enhance the image contrast, thereby providing a way to use very thin absorber masks in ultrafine and dense structure patterning.
